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and optics for storing information, 
cathode ray tubes and liquid crystals 
with thirvfllm transistors lor displaying 
information, electrophotography for 
printing information, and optical fibers 
for transferring information. Some of the 
ceramic materials currently in use in 
these products are shown in Table I. 1 

Computers in the 1990s that do not 
look and act like computers and that 
provide full-motion video and high- 
quality audio through digital video Inter- 
active technology, as compared with 
the current simple and single-frame im- 
ages, will be common, Workstations 
will progress to a level where they will 
provide facsimile capability, making it 
possible for users to compose and 
transmit full -color images accompanied 
by voice annotation. Machines wilt re- 
spond readliy to spoken commands 
and provide intelligent conversations. 2 
Supercomputers will perform at least 
four trillion complex calculations a sec- 
ond, about 1000 times more than cur- 
rent machines. Scientists will be able 
to calculate complex electronic inter- 
actions to a level where they will be 
able to synthesize microelectronic ma- 
terials with properties that never ex- 
isted before * 

Microelectronic packaging is one of 
the key technologies that will make ail 
these advances possible. Packaging 
has been Identified recently as one of 
the ten critical technologies for the ad- 
vancement of mankind In the 1990s.* 
Ceramics and glass-ceramics are the 
basis of packaging. This paper reviews 
the functions of packaging, the semi- 
conductor and system technology re-, 
quirements for packaging, and the role 
of ceramics and glass-ceramics in 
meeting these requirements in the 
1990s. Glass-ceramic/copper technol- 



A broad overview of packaging involv- 
ing Interconnecting, powering, pro- 
tecting, and cooling semiconductor 
chips to meet a variety of computer 
system needs is presented. The gen- 
eral requirements for ceramics In 
terms of their thermal, mechanical, 
electrical, and dimensional control 
requirements are presented, both 
for high-performance and low- 
performance applications. Glass- 
ceramics are identified as the best 
candidates for high-performance sys- 
tems, and aluminum nitride, alumina, 
or mullite are identified for low- 
performance systems. Glass-ceramic/ 
copper substrate technology is dis- 
cussed as an example of high- 
performance ceramic packaging for 
use in 1990s, Lower-dielectric-constant 
ceramics such as composites of silica, 
borosillcate, and cordierite, with or 
without poiymers and porosity, are 
pro)ectad as potential ceramic sub- 
strate materials by the year 2000, 
[Key words: packaging, semicon- 
ductors, ceramics, glass-ceramics, 
computers.! 



1. Introduction 

Microelectronics is a 500-billion-dollar 
industry worldwide. It spans from con- 
sumer products, such as compact disc 
players, to supercomputers. It involves 
a broad spectrum of technologies in- 
cluding semiconductors and packaging 
for processing information, magnetics 



Navrihem-contrtbullng edttor 



Manuscript No. 166887 Received February 27 t 
1991; approved March 6, 1991 
♦Member, American Ceramic Society. 




895 



Tabfe f. Application of Ceramics In Microelectronics 

Ceramic maters * 
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Fig. 1. Four major functions of the package: (A) power distribu- 
tion, (B) srgria! distribution, <C) heat dissipation, and fD) packaoe 
protection. w H ^ 



pgy developments that started at ISM 
m 1976 for top-of-the-line computers 
and that are currently in production are 
used as examples to discuss the state- 
or-tne-art in ceramic packaging, Finally, 
mis paper also projects the challenges 
rn ceramic materials to the year 2000. 

II Packaging 

Packaging involves interconnecting, 
powering, protecting, and coo/ing of 
semiconductor circuits to meet a vari- 
ety of microelectronic applications 8 
These package functions are schemata 
cally illustrated in Fig. 1, The semteon^ 
ductor chips (in red) are powered from 
a power suppiy through the metal wiring 

nJ^f Ubs ^ ra ^J. Rg * hereon: 
nected for signal distribution by means 
of interchip wiring (Fig, 1(B)), cooled by 
thermal conduction through the sub- 
strate or cooled from the back of the 
chip by means of a heatslnk (F?g. 1(C)}, 
and protected by hermetic packaging 
or encapsulation (Fig. 1(D)). The pro*? 
ertes of the substrate, consistent with 
these four requirements, are as follows, 
The dielectric constant of the r mic 
in which the metal is embedekw de- 
fines the signal propagation speed as 



(1) 



where T d is the sfgnal propagation 
delay, E f the dielectric constant of the 
ceramic, and C the speed of fight. 
Thus, iow-dielectric-constant ceramics 
have high performance. Another re- 
quirement fs for efficient power distribu- 
tion from the power supply to the chip, 
with minimum voltage variations. Thus, 
nigh-conductlve metal, such as copper 
Is most desirable. Heat removal from 
the chip is a very important property of 
the package to maintain the chip tem- 
perature below 100 fl C for efficient and 
reliable operation of the chip The heat- 
removal characteristics of the sub- 
strate, however, depend on how the 
chip is bonded to the substrate lis 
particular requirement is, perils, 
most misunderstood by the ceramic 
community. The two most common 
methods of bonding the chip to the 
substrate are illustrated In Fig, 2: ac- 
tive side down to the substrate as in 
Fig. 2(A), or active side up or back 
bonded to the substrate as h Fig. 2(B). 
Whereas, In the latter method, heat 
from the chip is conducted through the 
substrate, thus requiring high thermal 
conductivity for the substrate, the for- 
mer method does not depend on the 
high thermal conductivity of the sub- 
strate. The heat is conducted through 
a thin, high-conductance silicon chip to 
an aluminum, copper, aluminum nitride, 
or other high-conductance, but inex- 
pensive, heatsink. The thermal conduc- 
tivity of silicon is 150 W/{m K), about 
7 times higher than that of polycrys- 
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talilne alumina; very efficient cooling 
(up to 100 W/cm 2 ) becomes possible 
With face-down, backside heatsink, air, 
and water cooling. Almost all superfast 
computers are currently in this technol- 
ogy- High^hermai-conductlon ceramics 
such as aluminum nitride are useful In, 
low-cost, back-bonded applications, as 
discussed later. 

A typical packaging hierarchy is illus- 
trated in Rg, 3. The hierarchy Involves 
bonding of semiconductor chips to the 
substrate by either wirebonding, tape- 
automated bonding <TAB), or flip-chip 
solder bonding. All these methods are 
schematically illustrated in Fig. 4. Wire- 
bonding requires, that the chip be 
bonded active side up and, based on 
the previous discussion, that heat re- 
moval be accomplished through the 
substrate, thus requiring high thermal 
conductivity for the substrate. Contrary 
, to wirebonding, TAB and flip-chip sol- 
der connections do not depend on the 
thermal properties of the substrate. 
Most high-performance applications in 
tb' 1990s that require more than 500 
ck. connections are expected to be 
solder or TAB connected. The sub- 
strate to which the chips are bonded 
can be single-chip or multichip carri- 
ers, which can be either ceramic or 
plastic. These carriers are intercon- 
nected to the next level assembly, usu- 
ally an organic printed wiring card. A 
number of cards are plugged Into a 
larger organic board, often referred to 
as a printed wiring board or a back 
panel. The connection between the ce- 
ramic or plastic carrier to the organic 
card is accomplished by either solder 
connection (referred to as surface 
mount technology (SMT)) or pin con- 
nection (referred to as pin-through-hole 
connection (PTH)). If the carrier is a 
ceramic substrate* an additional prop- 



erty of the ceramic substrate Is that of 
high mechanical strength to withstand 
pin-joining and insertion stresses. All 
these technologies are discussed in 
great detail in a recent book* 

tit. Semiconductors 

A majority of the semiconductor 
circuits currently In use are silicon, 
However* a number of other device 
technologies— such as gallium ar- 
senide, Josephson junction, and high 
electron mobility transistor (HEMT)— 
with better speed-power relations 
(Fig. 5) have been demonstrated This 
popularity is due to the process experi- 
ence with silicon, which is expected 
to reach giga-bit integration by the 
year 2000. The phenomenal growth in 
the number of circuits in the two most 
Important silicon device families— field 
effect transistor (FET) and bipolar— 
during the last two and one-half 
decades is illustrated In Fig. 6. In con- 
trast, the non-silicon technologies are 
about 10 times iower In circuit Integra- 
tion. Since the recently reported per- 
formance of silicon is below 50 ps, 
high performance and high integration 
of circuits in silicon simply require 
more and more power per chlfr requir- 
ing enormous increases in cooling 
capabilities of ceramics. This is sche- 
matically illustrated In Fig. 7 wherein 
the number of circuits on a 1-cm chip/ 
Is plotted as a function of power that 
the package needs to distribute and 
remove at various circuit-switching 
thresholds. The actual package power 
(in W/cm 8 } is illustrated in Fig. 8 for 
various top-of-fhe-line computers since 
the days of the first transistor, 6 The ex- 
perimental cooling capabilities, how- 
ever, have been demonstrated to be 
about 50 times more than those cur- 
rently in commercial use. 7 
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Fig, 2, Ideal properties of ceramic depend 
on chip connection: (A) heat removal with 
solder connection, (B) heat removal with 
wfrebond, and (C) heat removal with tab. 
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Fig. 3* Electronic package hierarchy in computers. 



Fig. 4. Chip-Joining technologies: (A) wirabond, (B) tab. 
and (C) flip chip 
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The inputfcutput (f/O) requirements 
for the ceramic substrate consistent 
with the silicon integrations shown in 
Fig 6 can be calculated from Rent's 
rule:* 



where N is the number of logic gates, 
P Is the number of signal connections, 
and B and S are constants. . 

These I/O requirements and the chip 
sizes required to accommodate the cir- 
cuit integrations over the last two and 
one-half decades are Illustrated In 
Fig. B as a function of the number of 
circuits on the chip. 
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IV. Computer System 
Requirements 

Figure 10 illustrates, through the 
year 2000, the performance of the 
computer systems, measured in mil- 
lions of instructions per second (Mips), 
as a function of time for large systems, 
minicomputers, and personal comput- 
ers, 9 Figure 10 shows that me unipro- 
cessor performance in Mips for large 
systems will double or triple from the 
current 40 to 50 Mips during the 
1990s. This trend is also true for other 
computers, These performances can 
be converted into a very important 
parameter for packages and semicon- 
ductors called "cycle time," which 
refers to the total time required to exe- 
cute an instruction set. Cycle time is 
related to computer performance by 

1000 (3) 



computer 
performance 



(^)><(lns)^ctlCTi) 



where cycles/instruction refers In the 
number of system cycles reqi( * to 
process an instruction set. The cycle 
times, corresponding to Mips, are Illus- 
trated on the left-hand vertical axis in 
Fig. to. Thus, to achieve a performance 
of 50 Mips requires a technology cycle 
time of about 8 ns. This technology 
cycle time Is further broken into two 
major parts: silicon and packaging. 
A general equation describing these Is 
as follows: 

+(drfver+receiver 

+wlring*fnoiee) (4) 

where the four terms In the first set of 
parentheses are due to the semicon- 
ductor, and the four terms In the sec- 
ond set are due to the packaging, Thus, 
to support a 50-Mfps processor re* 
quires about 8 ns of cycle time,, *ch 
requires that the signal delay \ . all 
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Fig. 6. Evolution and projected growth of chip circuit density, 
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Fig* 0. Ceramic package power disslpalion trends in IBM's main- 
frame systems. 
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critical paths In the ceramic package 
be no more than about 4 ns. Given that 
light travels 20 cm in 1 ns, only very- 
high'performarice ceramic packages In 
which ail the critical wiring is embed- 
ded ! q ceramics of very low dielectric 
cot /lit are expected to meet the per- 
formance requirements for leading-edge 
computers. The package contribution 
to the total cycte time for a number of 
leading-edge computers ie illustrated in 
Pig. 11 in terms of ceramics and their 
dielectric constants. 

V. Ceramic Packaging 
Requirements in the 1990s 

The general requirements for leading- 
edge ceramic packages In the 1990s 
are given In Table II for both high- 
performance and low-performance 
systems. 

Very-lcw-performance systems such 
as consumer electronics will continue In 
plastic packages, primarily because of 
cost advantages of plastic packages 
over ceramic packages. In addition, 
plastic packages, based on their recent 
improvements in reliability without her- 
me" ; ty, will continue to move into low- 
ark 4 fid-range computers. 

VI* High-Performance Ceramic 
Packaging 

The thermal conductivity of ceramics 
for high-performance' packaging is 
assumed to be of little importance. 
The heat can be removed from the 
back of the chip without going through 
the ceramic substrate, as in previous 
and current ceramic substrate ap- 
proaches used by leading mainframe 
manufacturers.^ 1 

The importance of the dielectric 
constant of the dielectric In providing 
fast signal propagation was discussed 
earlier and Is illustrated in Fig, 12 for a 
number of currently available and pro- 
jected ceramic materials. 

The most important property after 
dielectric constant for high-performance 
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Fig. 10. Performance trends of computers. 



multichip packages is the conductor 
wiring density. Figure 13 shows the 
general wiring requirements plotted as 
a function of gates/chip for a 100-chip 
module, both in coflred thick-film ce- 
ramic technology and polyimide- 
copper thin-film technology. Figure 13 
shows that cofired ceramic wiring lay- 
ers of the order of 50 to 60 are re- 
quired for leading-edge semiconductor 
technologies currently available. 8 

Clearly, the desired substrate metal- 
lurgy for coflred metaflfcation is copper 
because of Its high conductivity low 
cost, and good electromlgration re- 
sistance. The need for high-conduction 
metallurgy such as copper is due to 
the high power requirements, which are 
expected to be in excess of 50 W/chlp 
in the early 1990s. Although the power 
requirements could also be met by 
gold or silver, the respective cost and 
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reliability concerns favor copper. The 
requirement for cofired copper of 60 to 
60 layers, however, poses the most de- 
manding technology challenges, as 
discussed later In this paper. 

The area solder connection, referred 
to as controlled collapse chip connec- 
tion (C-4), between the chip. and the 
substrate has clear advantages over 
wirebond and TAB, both in providing 
the number of connections and low In- 
ductance of each connection. Rent's 
rule* which predicts the number of 
connections as a function of circuits 
on a chip, demonstrates the need for 
500 to 1000 connections for signal 
alone, clearly favoring the area con- 
nection. This connection, however, re* 
pukes good thermal-expansion match 
between. silicon and the substrate for 
current substrate systems, and. exact , 
thermal-expansion match for future 
systems based on larger silicon chips. 
The. need for expansion match is Illus- 
trated in Rg. 14, wherein the fatigue fife 
of the solder connection, is plotted as 
a function of thermal-expansion mis- 
match between the chip and the sub- 
strate for a 6-mm chip size; larger 
chips clearly require lower mismatch, 
The projected silicon chip sizes, requir- 
ing ceramic substrates with exact 
thermal-expansion match to silicon, 
are illustrated in Fig. a 
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The stringent mechanical require* 
ments for cofired muftichlp ceramic 
substrates result from a number of dif- 
ferent mechanical challenges imposed 
during substrate fabrication and subse- 
quent use, These requirements range 
from built-in residual stresses due to 
mismatches in thermal expansion be- 
tween copper and ceramic and poly- 
Imfde and ceramic (deposited on top of 
the substrate), as well as from surface- 
attach pin and chip metallizations. 
IBMs original multilayer substrate, 
based on alumina, has a tensile 
strength in excess of 280 MPa (40000 
psi) and a toughness of 3.0 MPa - m 1 * 
Considering the difficulties Involved in 
achieving these levels of properties for 
a low-temperature ceramic, It Is be- 
lieved that mechanical properties 
of about 75% of alumina may" allow 
substrate fabrication and use with 
proper design of material and process 
technologies. 

Potential ceramic substrate materials 
and their electrical, thermr' and . 
mechanical properties are ll d fn 
Table IH. Referring to Table II, which In- 
dicates the importance by "weight fac- 
tor" for each of the five properties 
discussed earlier, glass-ceramics with 
copper has the best combination of 
characteristics that meet most of the 
requirements set forth earlier for a 




Fig. 11. CBramic technology evolution and delay for IBM* large 
computer systems- w 
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Table if. 



High-performance applications 



Important Characteristics of Ceramic Substrates 



Property 



Dlefectric constant 
Wiring density 
Metallization with copper 
Thermal-expansion match to silicon 
Dimensional control 
Mechanical strength 





Weight 
factor 


Highest 


5 


Highest 


5 


Highest 


5 


High 


4 


High 


4 


Medium 


2 



Low-performance applications 



Property 



Low cost 

Thermal conductivity 
Thermal-expanalon match to silicon 
Wiring density 
Mechanical strength 



Importance 



Highest 
Highest 
High 
Medium 

Low 



Wafgrtt 
factor 



5 
5 
4 
3 
2 
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Flfl« 13. Wiring needs for mainframe and supercomputers for a 
100-chip moduie. 
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Fig. 14, Solder fatigue life improvement by glass-ceramic substrate. 



Table III* 



Potential Substrate Materials and Their Properties 



Ceramic 
material 



Dielectric 
' constant 
(at 1 MHz) 



Alumina 9.4 

SiC (2% BeO) 42 

SI 3 N 4 7.0 

AN 8.8 

BeO 6>B 

Mullite as 

Borosiiicate glass 4.0 

Glass-ceramic 5.0 



Strength 
(MPa) 



Coefficient of thermal 
expansion 
(250° to 200 B C) 
<1CT7«C] 



280 
420' 
360 
350 
250 
200 
70 
210 



65 
37 
23 
42 
68 
40 
30 
30 



Thermal 
conductivity 
(W/hvK) 


Process 
temperature 

rcj 


26 


1600 


270 


2000 


33 


1600 


230 


1900 


290 


2000 


7 


1400 


2 


800 


5 


950 



leading-edge muftlchip module, as illus- 
trated In Fig. 15. The figure of rherit in 
Fig. 15 is assumed to be the sum of all 
the factors listed in Table II. - 

Borosiiicate glass makes a good 
thin-film material* but falls short of the 
mechanical requirements for the sub- 
s' Mullite can be cofired only with 
It-^eten, nickel, or molybdenum. 
Beryjlia, silicon carbide, and aluminum 
nitride have outstanding thermal prop- 
erties and, therefore, make good can- 
didates for low-end applications. If they 
can be fabricated at low cost. Since 
these have too high a dielectric con- 
stant and cannot be metallized with 
copper, they are not suitable for very- 
high-performance applications, A crys- 
tallizable glass that can be nucleated, 
sintered, and then completely crystal- 
lized to high mechanical strength 
seems to meet most of the require- 
ments set forth In Table II for a high- 
performance ceramic. Low dielectric 
constant, thermal-expansion match 
to silicon, and a steep viscosity- 
temperature relation required for good 
greensheet binder burn-off has led to 
use of a glass-ceramic in the MgO- 
AlaCVSiOu system, as discussed later. 



Glasses added to ceramics, referred to 
as glass + ceramics, can also be con- 
sidered as good candidates for high- 
performance packaging, as reported by 
a number of Japanese companies, for 
example, Fujitsu. 

VIL Low-Performance Ceramic 



The cross-hatched bars In Fig. 15 
represent the potential ceramic ma- 
terials for low-cost applications, such 
as workstations. Alumina— because of 
Its maturity and, hence, low cost— will 
continue to be used for all computer 
applications except for the very top and 
the vary bottom ends of the product 
line, which require the highest per* 
forrnartce and lowest cost, respec- 
tively The alumina substrate cannot 
meet either extreme, The state-of-the- 
art in alumina multilayer substrate 
technology has recently been an- 
nounced for use in high-performance, 
midrange computers. This substrata is 
127 mm in size, and interconnects 121 
complex logic and array chips by Its 
63 layers of molybdenum metallization 
{Fig, 16), Mullite multilayer ceramic 
technology, shown in Fig. 17 is being 




Fig. IS. Relative comparison ol ceramic 
substrate materials. 
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Fig. 16. State-oMhe-art 63-iayer alumina multilayer ceramic sub- 
strate (courtesy of (&M). 




Fig. 17* State-of-the-art muRfte multilayer ceramic package (cour- 
tesy of Htachi). 



Increasingly used and is expected to 
be more widely used Jn the future. 

Aluminum nftride technology is well 
documented In a number of recent 
publications and, therefore, will not be 
discussed in this paper. Aluminum nf- 
tride In Fig. 15 is comparable In its fig- 
ure of merit to alumina, and will be 
preferable to alumina if its cost de- 
creases significantly 

VlfL Status of 
Glass-Ceromrc/Copper Technology 

Hie material and process challenges 
In developing glass-ceramic/copper 
substrates relative to the goais dis- 
cussed earlier for the final electrical, 
thermal, mechanical and dimensional 
control properties were formidable. 
First, the glass-ceramic material with 
the required properties had to be de- 




Flg, 18. Glass-ceramfc/copper substrate process compared with 
alumina-molybdenum multilayer ceramic process. 



vefoped and characterized {see I 18, 
which shows the basic multilayer proc- 
ess). Second, powder, paste, and 
greensheet technologies had to be en- 
gineered to allow compatibility between 
greensheet and paste, resulting In the 
required dimensional stability in the pre- 
fired state. Third, shrinkage matching of 
glass— as ft denslffes and crystallizes, 
with copper, as It densities— had to be 
developed, with interfaclal integrity 
prior to sintering. Fourth, a process or 
materials technology had to be dfscov* 
ered that permitted dozens of layers of 
copper to be metallized with giass- 
ceramlc, with complete greensheet and 
paste-organic removal without the oxi- 
dation of the copper. The process 
needed to result In bonding of the cop- 
per to the glass-ceramfc, despite the 
large mismatch in their thermal expan- 
sions. Fifth, the dimensional control 
properties had to be achieved, to,^ M ow 
several dozens of layers, with as > 
as two million vias, each less than 
100 ^m, to be aligned through all the 
layers and yet provide a planar sub* 
strata base for pofyimlde-copper sur- 
face wiring. The best previous multilayer 
technoiogy achieved a linear shrinkage 
control of about ±0.15%, around a 
nominal value of 172%. The require- 
ments for the next generation of sub- 
strates with polylmide-copper thin-film 
wiring are clearly tighter than with 
aiumina. 

(1) Glass-Ceramic Material 

In developing glass-ceramic material 
wfth the required properties, a number 
of mafor crystalline systems have been 
considered, as shown in Table IV. t3 The 
stoichiometric compositions of none of 
these materials either sinter welf or sin- 
ter at a temperature compatible with 
copper. The only materials that have 
the potential to meet the dielectric 
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constant and thermal-expansion re- 
quirements are cordierite, spodumene, 
and ceEsian. Of these three, cordierite 
has the lowest dielectric constant. 
However, pure cordierite neither sinters 
below 1000*C nor has the proper . 
thermal-expansion coefficient, Original 
cordierite glass-ceramics from Corning, 
Inc. (Corning, NY}, M have many useful 
applications but are unsuitable for sub- 
strates because the thermal-expansion 
coefficient is too low, the processing 
temperature too high, and they crys- 
tallize prematurely, .when formed into 
greensheets from* powders and sin- 
tered. However, given the good dielec- 
tric properties of this material, it was 
believed that the composition in the 
system MgO~AU0 3 -Si0 2 could be 
modified to overcome these problems. 

The glass that has been developed 
to form this glass-ceramic (in 1977^ has 
the composition SiO a (60 to 55 wt%), . 
Al a 0 3 (18 to 23 Wt%) t MgO (18 to r 
25 wt%), and P a O s and B 2 0» (0 to 
3 wt%P In this composition range, the 
Map content is greater, and Al 2 Q a 
V ar, than In stoichiometric cordierite. 
Experiments have shown that the ex- 
cess MgO content aids in sintering 
and increases the mermal-expansiori 
coefficient from the undesirable lower 
value of pure cordierite. Analysis of the 
crystallized compositions by X-ray dif- 
fraction shows no residual glass, indi- 
cating that the excess MgO goes into' 
solid solution In the cordierite. Even 
though BjjOa and P 2 0 6 are used In 
small quantities, their effects are sig- 
nificant. The discovery of their role In 
densificaflon and a-cordierita phase 
formation has been essential In achiev- 
ing glass-ceramic substrate goals. 
B^0 3 raises the crystallization tempera* 
ture, thus allowing densification of 
glass prior to crystallization, while low- - 
ering the viscosity, allowing complete . 
densification of the sintered powder. 
The P 8 0 6 . similar to the B^O* encour- 
r the formation of low-expansion 
v, ordierlta Through the formation of 
a-cordierlle as the primary phase and 
small amounts of clinoenstatite, an 
exact thermal-expansion match to 
single-crystal silicon was achieved. In 
fact, a wide range of thermal-expansion 
coefficients is possible, as shown in 
Fig. 19, aHowing the gfass-ceramlcs to 
be tailored for silicon as well as GaAs. 

Japanese computer manufacturers 
have g enerally^ hoso n gl aoo * ceramic 
systems for multtiayered ceramic sub- 
strates. However, these systems typi- 
cally—consist of a glass added to 
crystalline ceramic rather than the 
glass-ceramic which crystallizes during 
the substrate firing cycle. 18 " 18 Some of : 
these systems are shown- in Table V. 
The most sophisticated of these types 
of glass + ceramic substrates in pro- 
duction is illustrated in Fig. 20. This 
substrate Is made of 61 layers of 



borosillcate + alumina and copper 
conductor, 245 mm in size; it supports 
144 high-performance bipolar chips. 

In forming the desirable glass- 
ceramic substrate material, a unique 
sequence of events must occur in 
forming a useful substrate. As stated 
earlier, it is important that the sintering 
of glass does not occur below 800°C 
and that complete densification occurs 
first, followed by crystallization below 
the melting point of copper, preferably 
around 900° to 950*C, as shown in 
Pig. 21, Any densification of glass 
below BOO°C Is undesirable because of 
carbon removal, which takes place 
efficiently above about 800*C from 
greensheet and paste organics, as dis- 
cussed later. The complete carbon 
removal and copper metallization proc- 
esses are the two most important chal- 
lenges imposed on the glass material 
selection, requiring certain viscosity- 
temperature relations for the glass, as 
illustrated in Fig. 22. 

Trie reference line in Fig. 22 as- 
sumes no sintering of glass at 80CTC, 
corresponding to a glass viscosity of 
10* P, and a glass with this viscosity- 
temperature relation can be considered, 
therefore, a desirable candidate for 



Table IV* Crystalline Phases Considered for Glass-Ceramic* 



TDMflMl *Kp*n*ton of *meon 




■ 


• 



Fig. 19. thermal-expansion tai lor ability 
En the MgO-Ai 2 Oa-SiO a glass-caramic 
system, 



Composition 



Coefficient of 
thermal expansion 
(20 s to 200*0) 



Lj a O'A1aCVSi0 2 


£~Eucryptite 


-1G.Q 


AI 2 Oa*TiOa 


Aluminum titanate 


0.5 . . 


2MgO-2At 2 O a -5Si02 


Cordierite 


1.0 


U a OAI 2 0 3 -4SiOs 


0-Spodumene 


0.9 


BaO-AleOa-aSlOa 


Celsian 


27 


CaO AlaOa-2SiOg 


Anorthite 


4,5 


MgOSi0 2 


Clinoenstatite 


7.8 


MgOTiOa 


Magnesium titanate 


7.9 


2MgOS10 2 


Fdrsterite 


9.4 


GaDSi0 2 


WoilastonHa 


9.4 


U fi O2SI0 2 


Lithium disNicate 


11,0 


Si0 8 


Quartz 


11.2 


SIO, 


Crlstobalite 


12.5 


sio 2 


Tridymite 


17.5 



•Reference 13. 




Table V. Composition ar 


id Properties of Glass + Ceramic 


Glass + ceramic 


Coefficient 

of thermal 
Dielectric expansion 
constant (10"V*C) Conductor 



PbO+B a O a +SiO a +CaO-KAla0 3 ) 
MgO+AljjOa+SiOa^O^SiOg) 
B 2 0a+SiOa+(Ai £ O 3 ) 
■CaO+AkOa+SiQ* 
B2O3+ Si0 2 + A! 2 0 3 +2MgO • SiO a 
Li^O^SiOg+MgO+AlaOa+SiOa+tAlaOa) 
Glass* AUOj+CaZrOg 



7.5 


42 


Ati.AgfPd 


5.0 


30-79 


Au,A&Ag+Pd 


5.6 


40 


Cu 


7J 


55 


Ag,Ag+Pd 


6.5 


60 


Ag+Pd 


7.3 


59 


AuNI.Ag-fPd 


8,0 


79 


Au # Ag 



904 
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^S- 20. State-of-the-art glass + ceramic substrate (courtesy ol 
Fujitsu). 



coffring with copper. The glass in the 
MgO-Af 2 0*-SfOs system, faffing to the 
right of the reference gfass In Fig. 22, 
makes it an excellent candidate for 
binder burn-off. Contrary to this, 
borosilicate glasses, which have a 
shallow viscosity-temperature relation 
(annealing point of 500°C and soften- 
ing point of 750°C% are less likely to 
achieve the required carton removal 

(2) Copper Powder and Paste 
Technology 

Cofired multifayer glassy-ceramic 
substrates with copper offer unique 
challenges in thick-film technology. The 
challenges can be classified in four 
general categories. 

(1) A copper powder with physi- 
cal properties suitable for fabrication 
of fine-line, thick-film dimensions by 
screening and via fill must be developed, 

(2) A copper thick-film system that 
Is compatible with the organic system 
of the glass greensheet binder must be 
developed. 

(3) A compatible copper powder 
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and its sintering behavior with a glass- 
ceramic resulting in good shrinkage 
control and interfacfal Integrity be- 
tween copper and ceramic must be 
developed. 

(4) Good electrical conductivity of 
sintered copper must be achieved. 

The sintering temperature of the 
glass-ceramic (see Fig. 23) is about 
850°C while that of copper is about 
60rrc r indicating large shrinkage differ- 
ences both in the total shrinkage s, 
and the temperature T The total mis- 
match can result In undesirable topog- 
raphy of the features on the ceramic 
surface, as shown in Fig. 23(A). in ad- 
dition, the mismatches may result in 
distortion of the substrate, which is un- 
desirable for automated processing of 
the substrates, where repeatability of 
feature positions is very important. The 
mismatch in the onset of sintering tem- 
perature between glass-ceramic and 
copper, shown as AT in Fig. 23, can 
result in loss of adhesion betwef ^ 
conductor and trie ceramic, as s\wwn • 
in Fig, 23(B), resulting in toss of me- 
chanical integrity. If copper were to sin- 
ter at a higher temperature than the 
glass-ceramic, viscous tearing would 
be expected during the sintering. For 
these reasons, both glass-ceramic and 
copper materials must be tailored such 
that both the temperature and total 
shrinkage mismatches are modified to 
be approximately the same, to elimi- 
nate the problems described. 

Extensive work was conducted to 
modify the shrinkage of the copper 
powders. The modification of the 
shrinkage had to be accomplished 
without any significant increase in the 
resistivity of the sintered copper con- 
ductor. Modifications explored Included 
the following. 

(1) Copper particles were coated 
with an organic barrier material that 
prevented diffusion between the/ 
ticies, thus inhibiting the driving L,^e 
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Fig, 21 Giass-ceramio process sequence in cordierite glass. 
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fig. 22. VfecosMy-temperatufe relation for borosilicate and cordier- 
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for sintering. This barrier was iater re- 
amoved at the desired temperature. 
- ' Some examples of these materials are 
polyvinyl formvar), polyvinyl aicohoi), 
poly{vlnyf butyrai), epoxies, urethanes, 
and slloxanes, 

(2) Copper particles were inter- 
spersed with metals or their oxides, 
which acted as grain-boundary in- 
hibitors and thus delayed the sinter* 
ing to higher temperatures. Some 
examples of these materials are 
chromium, copper, molybdenum , alu- 
minum, gold, nickel, a.nd palladium. 

(3) Binder Removal and Carbon 
Oxidation 

One of the key challenges in sinter- 
ing giass-ceramb/copper substrate is 
the need to completely remove all sol- 
vents, binders, and plasticizers. Any 
residual carbon that may form during 
binder decomposition, if left in the . 
substrate, would adversely affect the 
dielectric constant of the ceramic. Fig- 
ure 24 shows the dielectric constant of 
giir ^ceramic as a function of residual 
caV_ a content. As the data indicate, it 
is necessary to reduce the residual 
carbon content to a very low level, well 
below 300 ppm. This requirement pre- 
sented one of the most important ob- 
stacles in the early development of 
glass- ceramic/copper technology in 
1978. The formation of residual carbon 
from greensheet organ! cs adsorbed 
onto active glassy surfaces is illus- 
trated in Fig. 25, wherein the degrada- 
tion of pure polymer and the same 
polymer adsorbed onto the glassy sur- 
face is plotted as a function of tern* 
perature. The removal of the last 
traces of carbon from the greensheet 
. extends to almost S00°C, requiring the 
glass to stay open without densifica- 
tion to this temperature. 

Table VI shows the various ap- 
proaches that were explored in the late 
1970s to reduce the residua! carbon 
cor 1 to the desired low levels and 
yet . ..aintain copper in the unoxldlzed r 
high-conductance sintered state. 

The only process that is successful In 
removing organics to below 300 ppm 
is based on the thermodynamics of 
oxidation of carbon and reduction of 
copper oxide. At TSO^, an oxygen par- 
tial pressure of 10~ to atm is slightly re- 
ducing to cuprous oxide and 10 orders 
of magnitude above the level needed 
for carbon oxidation, as illustrated in 
Fig. 26 in which the thermodynamics of 
Cu-O-C are presented. There are many 
ways to achieve an oxygen partial 
pressure of 10" w atm at 750*0. Combi- 
nations of air, oxygen, nitrogen* hydro- 
gen, carbon dioxide, and steam have 
been evaiuated to meet this require* 
ment. A patented pioneering process 19 
requires a mixture of hydrogen in 
steam for the best carbon reaction 
rate. 10 With this atmosphere, the resid- 
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Fig, 23. Typical shrinkage mismatch between glass (glass- 
ceramic) and copper. 
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Fig. 24. Dielectric constant as a function of reslduaf carbon in 
giass-ceramia 



ual carbon of a 60-layer substrate was 
reduced to less than 300 ppm in a few 
hours. All other gas systems required 
days to weeks. Figure 26 shows the 
carbon oxidation and copper reduction 
window for the hydrogen/steam atmos- 
phere, as a function of temperature. 
The hydrogen/steam atmosphere not 
only results in a good reaction rate for 
carbon oxidation but also provides a 
wide processing window over a large 
temperature range for the particular 
glass-ceramlcybopper system chosen. 
The final glasa-ceramic/copper sub- 
strate properties achieved as a result 
of all the technology developments dis- 
cussed to this point are summarized 
and compared with an exfsting alumina/ 
molybdenum substrate in Table VII. 
This technology will be used for top-of 
Ehe-Hne computers. The top surface of 
the substrate, illustrating 121 high- 
performance cNps and discrete decou- 
pling capacitors around each corner of 
each silicon chip, is shown in Fig. 27 




Fig: 25. Polymer degradation in neutral 
atmosphere. 
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Table VI. Methods Evaluated for 
Organlcs Removal 

Unzfppabie polymers In greensheets 
Alternating cycles for oxidation/ 

reduction of copper 
Oxygen/nitrogen atmospheres 
CO/COa atmospheres 
H 2 /CCJi atmospheres 
Dry and wet H a atmospheres 
Dry and wet forming gas atmospheres 
Pure steam atmospheres 
Catalysts 

Plasma treatment of glass powders 



IX, Future Ceramic Packaging 

Alumina has been the workhorse of 
the microelectronics Industry shce the 
days of the first transistor. It has been 
and will continue to be used In a num- 
ber of substrate forms, from dual- 
Mine packages with 64 |/Os to very 
sophisticated multilayer packages with 
thousands of connections. However, 
this material system poses limitations 
for high-performance applications in 
the 1990s because of Its (1) high 
dielectric constant (9.4). (2) high thermal 
expansion coefficient (6Ox10~ 7 /°C), 
(3) metailizabMlty only with high- 
resistance metafs such as molybde- 
num and tungsten, and {4) good 
but inadequate dimensional control, 
limiting the number of layers. These 
limitations are largely overcome with 
glass-ceramics and glass -f ceramics 
which are currently In production and 
expected to be used in almost all large 
general-purpose computers and super- 
computers in the early 1990s. It Is also 
evident that glass + ceramics will be 
enhanced by a competitive technology 
that is referred to as thin-film technol- 



ogy based on the use of thin polymers 
of dielectric constant ao, thickness of 
10 to 20 Mm, metallized with 25-^m- 
w*de pure thin-fHm copper of intrinsic 
electrical conductivity, Thus, It appears 
that signal distribution In the critical 
paths of the system will be carried in 
thin fifm, whereas the noncritical signal 
distribution and power distribution will 
be performed in coflred ceramics. In 
addition, the cofired ceramic wilt act as 
a base for thermal-expansfon control 
of the substrate and will provide thou- 
sands of I/O connections, An alterna- 
tive technology path Is the continued 
use of. ceramics with very low dielectric 
constant and with fine-line copper 
wiring. 

Figure 28 Illustrates the use of com- 
posites to achieve a. dielectric constant 
below 5.O. 5 There are very few ways in 
which low dielectric constant (less than 
5.0) can be accomplished Composites 
of borosificate, silica, or cordierlte. with 
or without porosity or polymer, can 
yield low-dielectric-constant c( Ifcs, 
A number of materials summarised In 
Table VHI have been reported.^ 
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Fig- 26. Thermodynamics of Cu-O-C 
system. 



Rfl. 27. State-okhe-art glass ceramic substrate (courtesy of ISM). 



Table VIL QFaga>Ceramlc/Copper Substrate Characteristics 



Substrate 
characteristic 



IBM System 3090 
with alumina-molybdenum 



IBM System 390/ES9000 
with glass-ceramic/sopper 



i (mm) 
Layers 

Number of vfas (total) 
Wiring density (cm/cm 2 ) 
Line width (mm) 
Via diameter (mm) 
Dielectric constant 
Resistivity (ttft-crn) 
Coefficient of thermal 
expansion (RT to 200°C) (10-7°C) 



110,5x1176 


1275x1275 


45 


63 


47 x10 s 


2x10* 


460 


644 


100 


75 


125 


90 and 100 


94 


5.0 


11 


3.5 


60 


30 



/ a. nummary 
* Figfire 29 depicts the evolution and 
projection of ceramic packaging de- 
scribed in this article. Although the 
future for high -performance ceramic 
packaging seems dear with current 
glass-ceramic and glass + ceramic 
technologies and projected tow- 
dielectrJc-constant composite ceram- 
ics, it is not obvious how ceramics will 
be used beyond aluminum nitride, alu- 
mina, and muilite for low-performance 
applications where low cost is the pri- 
mary requirement, and a cost improve- 
ment of about £0% is required from 
year to year 
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Table VIIL Vef^Lottr-DlelectHc-Constant Ceramic Substrate Materials 



Ceramic composite 


Dielectric 
constant 


Coefficient 
of thermal 
expansion 


Strength 
{kg/cm 2 ) 


Quartz+borosfllcate glass 


3A 


32 


650 


+cc»dierite4»porosity 








Ouartz+borosfiicate glass 


4.4 


32 


1600 


+corrfierife 








Sllica+borosillcaie 


3.9 


19 


1400 


Cordisnte+borosiiioate 


5.0 


70 


1500 
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